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The Perry Canyon abandoned mine land hosts acid mine drainage (AMD) that is forming in 
underground abandoned mine workings.  This AMD may be causing high concentrations of As 
and Pb in the surface water, soils, and groundwater of Perry Canyon.  Samples were collected and 
analyzed to determine the degree of contamination of the natural resources.  Due to elevated 
concentrations and potential for negative health impacts, As and Pb were identified as 
contaminants of concern.  A MODFLOW model was developed using the hydraulic gradient and 
monitored meteorological conditions to identify transport pathways for potential contamination 
sourced from adit effluent and waste rock piles.  Samples of groundwater collected downstream 
of the adit seeps were compared to groundwater samples from locations upstream to determine 
the effects of AMD inflows on groundwater quality.  As and Pb contamination in the groundwater 
seems to remain proximate to the adits with limited increases in downstream concentration.  
During periods of intense precipitation, it is likely that contamination from discharging adit 
effluent flows towards Perry Creek and is carried by increased surface flows towards the alluvial 
fan.  Erosion of soils from the waste rock would also transport contamination towards the mouth 
of the canyon.  Contamination mobilized from infiltration into waste rock would likely flow to 
the aquifer and remain proximate to the source.  Transport of contamination can be reduced by 
controlling erosion of contaminated soils and transport of adit effluent during large precipitation 
events.  Minimizing infiltration into waste rock piles will reduce AMD formation in the waste 
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Mining has had an extensive impact on the culture, economy, and natural landscape of the 
American West.  Extraction processes have been improved and refined over the years, increasing in 
efficiency and decreasing the amount of toxic chemicals involved in the mining process.  Limited 
government regulation and mining of unclaimed land encouraged westward movement among 19th-
century Americans.  Although many of the established mines were unsuccessful in discovering 
profitable ore, the mining industry in Nevada produced over $1 billion in gold and silver following 
the discovery of the Comstock Lode (Nevada Mining Association, 2017).  The mines were abandoned 
after the ore had been exhausted.  These abandoned mines are prevalent throughout the American 
west and can pose chemical and physical hazards to the surrounding environment.  Abandoned shafts 
(vertical mine openings) and adits (horizontal mine openings) may emit contaminated water and 
become hazards to wildlife or individuals in the area.   
AMD (acid mine drainage) formation has been described as the largest environmental 
problem facing the US mining industry (US EPA, 1994).  In the western United States it is estimated 
that approximately 20,000 to 50,000 mines are generating AMD on Forest Service Lands alone 
("Abandoned Mine Lands", 2007).  These mines could impact up to 10,000 miles of streams, posing a 
hazard to the large number of recreating individuals that utilize these lands as well as the native flora 
and fauna ("Abandoned Mine Lands", 2007).  The ecological health of the streams and environments 
surrounding abandoned mine lands (AMLs) are often negatively impacted due to inflows containing 
lowered pH and metal contamination.  Approximately 10% of these existing AMLs contribute toxic 
materials into the surrounding surface water and groundwater resources ("Abandoned Mine Lands", 
2007)   
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AML cleanup projects have been initiated in many governmental agencies and have been 
funded by public, private, and stakeholder accounts ("Abandoned Mine Lands", 2007).  Historically, 
Nevada has been extensively mined and therefore hosts many abandoned and inactive mining sites.  
The Nevada Division of Minerals (NDoM) and Nevada Division of Environmental Protection 
(NDEP) work to identify and mitigate physical risks and public safety hazards as well as 
environmental hazards resulting from AMLs around Nevada.  With over 500 historic mining districts 
and an estimated 50,000 abandoned mining sites within Nevada (Price et al., 1995), risk mitigation 
for each site is time-consuming and requires significant resources.   
This project investigates environmental hazards associated with AMD sourced from mine 
adits in Perry Canyon, a small AML that was mined for gold, silver, and copper (Bonham, 1969).  
Perry Canyon is located in the Pyramid Mining District in Washoe County, Nevada.  Limited 
remediation and reclamation occurred at the Perry Canyon AML between 2004 and 2006.  These 
activities were managed by the Bureau of Land Management (BLM) in response to concerns over 
AMD impacts to local groundwater (MWH, 2004).  The evolution of the site since the 2004 
remediation activities was investigated to identify potential sources of on-going risk to the 
groundwater and surface water from AMD.  This was done by comparing the chemical composition 
of the surface water, groundwater, adit effluent, and soils from Perry Canyon, monitoring 
meteorological conditions and groundwater levels, and modeling groundwater-surface water 
interactions to determine potential transport pathways throughout Perry Canyon.   
Current Site Conditions 
A small ephemeral surface water flow, unofficially named Perry Creek, runs through the 
canyon.  A riparian area around Perry Creek is clearly defined by the presence of shrubs, grasses, and 
willow trees.  Perry Creek contains noncontiguous flow throughout the streambed for the majority of 
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the year with the exception of high-rainfall events which supply continuous flow.  Continuous surface 
water flow is usually present in Perry Creek during the late fall and winter months due to increased 
precipitation and can persist through spring.  The creek is subject to flash flooding during periods of 
heavy rainfall, during which the flow rate of Perry Creek can increase by an estimated 2-3 orders of 
magnitude.  These flood events can be highly erosive and can redirect the flow of Perry Creek over 
the course of one event.  Higher than typical winter precipitation during the 2016-2017 winter also 
resulted in redirection of Perry Creek and caused substantial erosion and the establishment of a new 
stream channel. 
  The groundwater table in Perry Canyon fluctuates seasonally and is at a maximum during 
periods of increased precipitation and infiltration and is lowered during times of increased 
evapotranspiration.  The groundwater table occurs at depths of 50 feet or less from the ground surface 
at the base of the canyon.  Previous to mining activity it is believed that the water table level occurred 
at a higher level than it does currently, but the excavation of mine workings caused groundwater 
drainage resulting in exposure (and rapid oxidation) of veins of ore (Bonham, 1969).   
Diverse wildlife has been observed in Perry Canyon, including chukar partridge (chukar), 
pronghorn, wild horses, mule deer, field mice, and various other native species.    
Sampling results found elevated concentrations of As and Pb in samples of groundwater and 
surface water in Perry Canyon.  The effects of these elevated concentrations on human and ecological 
health identified As and Pb as the primary contaminants of concern for this project.  As and Pb are 
two of the more common contaminants associated with abandoned Au-Ag mines (Ferreria da Silva et 
al., 2004).  The fate and transport of the contaminants depends on adsorption/desorption behavior in 
response to the chemical environment of the stream and the groundwater.  The oxidation state of As 
also impacts the toxicity and bioavailability.   
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Sources and Formation of AMD 
AMD forms from the oxidation of sulfide minerals.  The oxidation of sulfide minerals occurs 
naturally, but is enhanced by mining as more sulfide-containing rock is exposed to water and oxygen 
as a result of excavation and processing.  The specific reactions involved in AMD formation are 
explained below via the oxidation of pyrite, a commonly-occurring sulfide mineral.  The first step in 
the process involves the oxidation of pyrite (FeS2) to ferrous iron (Fe2+) and sulfate (SO42-) (Lehigh 
University, 2011).  Eq 1 shows the releases H+ into the solution, generating acidity and causing a 




𝑂2 +𝐻2𝑂 → 𝐹𝑒
2+ + 2𝑆𝑂4
2− + 2𝐻+ Eq 1 
If sufficient oxygen is present, ferrous iron will oxidize to ferric iron, causing an uptake of H+ ions in 
solution and reducing acidity.  This is the rate-determining step of AMD formation and is often 
catalyzed by the presence of bacteria (Lehigh University, 2011).  This is shown in Eq 2 (Akcil & 





+ → 𝐹𝑒3+ +
1
2
𝐻2𝑂  Eq 2 
The ferric iron in solution will precipitate out at pH 2.3-3.5 to form Fe(OH)3, creating rust-colored or 
yellow precipitate and releasing 3 protons.  This precipitate is commonly referred to as “yellow boy” 
due to its distinctive color and is a common indicator for AMD (Lehigh University, 2011).  The ferric 
iron that remains in solution reacts with H2O to oxidize any remaining pyrite.  This step in the 
reaction occurs rapidly and can contribute a large amount of acidity into solution.  This is shown in 
Eq 3 and 4 (Akcil & Koldas, 2006).   
𝐹𝑒3+ + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3(𝑠) + 3𝐻
+ Eq 3 
𝐹𝑒𝑆2 + 14𝐹𝑒
3+ + 8𝐻2𝑂 → 15𝐹𝑒
2+ + 2𝑆𝑂4
2− + 16𝐻+ Eq 4 
These four equations can be summarized by an overall reaction for AMD formation (Eq 5).   
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4𝐹𝑒𝑆2 + 15𝑂2 + 14𝐻2𝑂 → 16𝐻
+ + 8𝑆𝑂4
2− + 4𝐹𝑒(𝑂𝐻)3(𝑠)  Eq 5 
Since 2 moles of acidity are produced for each mole of sulfate, two moles of sulfuric acid (H2SO4) 
can be produced from one mole of pyrite (Thorsten, 2013).   
The rate of formation of AMD is influenced by many variables including the mineralogy of 
the site, the availability of oxygen and water, and the presence of reaction-catalyzing bacteria (Akcil 
& Koldas, 2006).  While the exact reactions driving AMD formation are specific to each 
environment, the presence of water, an oxidant, and sulfide-bearing minerals are required for AMD 
formation.  AMD formation may also be catalyzed by the presence of naturally-occurring bacteria 
that aid in the decomposition of sulfide minerals by increasing the amount of ferric iron, as seen in Eq 
2.  This allows the pyrite to oxidize more quickly (Akcil & Koldas, 2006; Baker & Banfield, 2003; 
Lehigh University, 2011).   
Although many sulfides may be affected by oxidative bacteria, most known effects of 
bacterial influence on AMD are correlated with presence of pyrite (Akcil & Koldas, 2006).  Many 
different species of bacteria serve to increase the oxidation rate of pyrite in AMD but the lowered pH 
environment created by the oxidation reactions select for species compatible with acidic 
environments.  The oxidation of ferrous iron to ferric iron can be catalyzed by these bacterial species 
by a factor of 100 (Dold, 2014).  In low pH environments, ferric iron has been known to oxidize 
pyrite more quickly than oxygen, causing an increase in rate of overall AMD formation (Dold, 2014).   
The elevation of the water table and the porosity of the waste rock or heap leach piles also 
influences the rate of the oxidation reaction.  Sulfide minerals submerged in water will react much 
less quickly than those contacting the atmosphere.  Interactions between fluxuating groundwater 
depths and exposed sulfide minerals can increase or decrease the rate of AMD formation (US EPA, 
1994).  Increased porosity of waste rock promotes circulation of oxygen and therefore increased 
oxidation reaction rate (Akcil & Koldas, 2006).   
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Multiple sources of AMD at a mining site are common and may complicate attempts to 
contain or control AMD formation.  For example, in addition to AMD that is sourced from residual, 
underground mine workings (e.g., adits and shafts), tailings piles or residual waste rock which are 
typically located near mine openings or milling facilities often contain crushed or pulverized sulfide-
bearing material.  Infiltration into these materials can produce AMD percolate or leachate (US EPA, 
1994).  Figure 1 shows potential sources of contamination throughout the site.  It is possible that 
AMD formation is occurring within waste rock piles or underground mine workings, causing 
contamination to enter the groundwater or discharge to the surface.   
AMD formation is most common in mines containing iron sulfides such as pyrite.  Other 
sulfide minerals such as As, Cu, Pb, Zn, and Cd can react with oxidants to form AMD as well.  (Akcil 
& Koldas, 2006).  These reactions release a variety of compounds into the surrounding environment, 
but all AMD formation reactions result in low pH, high specific conductivity, and can leach high 
concentrations of metals into the surrounding environment (Akcil & Koldas, 2006).  Naturally-
occurring heavy metals in the bedrock can become mobilized with low pH environments, causing 
heavy metal-rich solution to enter the environment (Dold, 2014).  The mobilization of heavy metals 
can strongly effect the geochemistry of the site.  Since As and Pb occur in high concentrations in 
Perry Canyon, chemical properties must be understood to determine the risk posed to the surrounding 
environment by the AMD.   
Chemical Properties of As 
As is a naturally-occurring element that is widely found in soils, sediments, and water around 
the globe (Akter et al., 2005).  Concentrations in igneous rocks average around 1.5 mg/kg but can be 
as high as 490 mg/kg in shales and clay formations and are usually between 0.6 and 120 mg/kg in 
sand and sandstones (Akter et al., 2005).  In addition to naturally-occurring As, anthropogenic 
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sources have been known to increase As concentrations as well.  Approximately 90% of industrial As 
in the United States is used in wood preservation processes with other uses in the manufacturing of 
glass, paint, and other products (Akter et al., 2005).   
The As MCL in drinking water is 10 ppb (or μg/L)(US EPA, 2017a).  Previous to 2006 the 
MCL was 50 ppb, but the US National Academy of Science conducted a study in 1999 that found an 
association of higher incidence of cancer with concentrations of As in drinking water (National 
Academy of Sciences, 2001).  It was found that lifetime exposure to arsenic in drinking water at 
concentrations between 3 and 20 ppb can cause between 9 and 72 excess cancer risks per 10,000 
people based on U.S. background cancer incidence data (National Academy of Sciences, 2001).   The 
excess risk of cancer was considered with a cost-benefit analysis for As removal in drinking water 
and the 10 ppb MCL was proposed in 2001, although it was not enforced until 2006 (Novak, 2001).    
Inorganic As in groundwater exists primarily in two oxidation states:  arsenite (As3+) and 
arsenate (As5+), but can also occur as As3-, As4+, As2+, As-1, and As1+.  Arsenite is considered to be 
more acutely and chronically toxic to humans, plants, and soil biota than arsenate (Cheng et al., 
2009).  Arsenite is also more difficult to remove from drinking water due to its presence at neutral pH 
range (Cheng et al., 2009).  Arsenate is generally prevalent in stable, oxygen-rich environments while 
arsenite prevails in reducing environments, but many factors are required to determine the dominant 
As species, including dissolved oxygen concentrations, Eh, and pH (Akter et al., 2005).  An Eh-pH 
diagram is shown in Figure 2.  The pH ranges present the observation wells at Perry Canyon are 
highlighted.   
Many variables contribute to the distribution of As in adit discharge, vadose zone, 
groundwater, and stream.  Sorption of As species has been proven by Smith et al. to respond to both 
iron and aluminum oxide content in the soil as well as pH (Smith et al., 1997).  Soils containing high 
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concentrations of Fe and Al oxides were found to sorb three times more arsenate than soils containing 
a small amounts of Fe and Al oxides (Smith et al., 1997).  Since much of the soil in Perry Canyon 
contains high concentrations of Fe and Al oxides, dissolved arsenate could become sorbed to the 
soils.   
Upon integration to a neutral pH environment, surface reactive compounds may release 
bound As oxyanions as the surface charges near neutral (Akter et al., 2005).  This would allow more 
As to bind with particles in the streambed.  These processes would cause high concentrations of As to 
occur in streambed sediments near the adit discharge point and at the junction of the adit discharge 
and Perry Creek.  Elevated concentrations of As may remain proximate to the source of adit effluent 
with decreasing concentrations of As in downstream sediments and surface water samples as the As 
becomes bound and immobile (Robins et al., 2001).   
Many variables impact the fate and mobility of As including redox reactions, adsorption and 
desorption, solid phase precipitation and dissolution, and biological activity (Cheng et al., 2009).  
Microbial oxidation of organic matter can drive the desorption of As from common compounds found 
in AMD such as Fe-oxyhydroxides and increase the alkalinity of the solution, although Perry Canyon 
has low organic material within the groundwater (Akter et al., 2005).  Although the adit effluent has 
low pH, the presence of microbes at the point of discharge or within the adit may drive the 
mobilization of As by oxidizing Fe2+ to Fe3+ and releasing bound As.   
The site conditions in Perry Canyon are favorable for the presence of arsenian pyrite (FeS2), a 
type of pyrite that incorporates As into the structure of the mineral.  Arsenian pyrite is widely found 
in environments with low-temperature hydrothermal activity, specifically sedimentary basins and 
mineral deposits (Deditius et al., 2008).  Arsenopyrite (FeAsS) is also an As-bearing pyrite and 
oxidizes when exposed to atmospheric oxygen and water, releasing soluble As and contributing to 
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AMD (Cabri et al., 2000).  Both arsenian pyrite and arsenopyrite occur around gold deposits, but 
arsenian pyrite can contain more gold than arsenopyrite (Fleet & Mumin, 1997).  Deposits of arsenian 
pyrite have been found in the Twin Creeks deposit in Northwestern Nevada with As present as As-1 
(Cabri et al., 2000).  The oxidation of these pyrite minerals mobilizes As, lowers pH, and yields iron 
oxyhydroxides and sulfate ions (Jacobs et al., 2014).   
Chemical Properties of Pb 
Like most metals, the physical and chemical properties of the environment alter the solubility 
and the oxidation state of Pb.  Pb is minimally soluble (approximately 0.01% total Pb dissolved) in 
pH range 8-9 and increases solubility in more acidic or basic environments (Cortin-Nomade et al. 
2009).  AMD reactions often cause elevated Pb concentrations by exposing naturally-occurring Pb 
compounds to lowered pH environments, increasing Pb solubility and dissolving Pb into the 
groundwater and surface water (Kagambega et al., 2014).  Fluxuating groundwater levels also may 
cause temporary releases of Pb into the groundwater, depending on groundwater level and pH.    
Microorganisms and naturally-occurring bacteria are able to accelerate the formation of AMD 
by catalyzing the oxidation process (Anawar et al., 2003).  Each bacteria species thrives in a specific 
set of conditions dependent on pH, temperature, ionic strength, minerals present, and water and 
oxygen available (Branch, 1993).  Although bacteria can have varying effects on the processes 
involved in AMD, it is believed that the majority of AMD production is a result of bacterial influence 
(Akcil & Koldas, 2006).  The dissolution of sulfide and iron oxidation are two common and highly 
influential effects of bacteria that cause accelerated AMD production (Baker & Banfield, 2003).  
Water and oxygen are both required for most bacterial colonies to thrive in AMD-producing 
environments.  Water is used as both a reactant and a medium for bacterial reactions and oxygen is 
required for bacterially-catalyzed oxidation reactions (Branch, 1993).  The products from these 
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oxidizing reactions can be acidic and may react to release other minerals and metals into the 
environment.  Bacterially-catalyzed oxidation reactions can mobilize Pb with AMD (Branch, 1993; 
US EPA, 1994).  A recently established bacterial colony may be mobilizing Pb from the surrounding 





Figures for Introduction 
 
Figure 1:  This conceptual site model shows all potential sources of contamination in 
Perry Canyon, including both adits and waste rock piles and the four groundwater 
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Figure 2:  Eh-pH diagram showing the pH ranges for As species that may be present for 
each of the sampling wells.  Well 2 has a very different pH from th e other three wells, 
potentially containing a different species of As.  The Eh and Pe of each groundwater 
source must be determined before determining the species of As present, but 
estimations have been made based on concentrations and general behavior of  As 





Mining History and Ore-Deposit 
Perry Canyon is located in the Pyramid Mining District in Southern Washoe County, Nevada, 
at the junction of the Pah Rah Range and the Virginia Mountains (Bonham, 1969; NV Bureau of 
Mines and Geology, 1999).  Mining claims in the Pyramid Mining District were made as early as 
1863 but the mining district was not officially organized until April 1866 (NV Bureau of Mines and 
Geology, 1999).  The Pyramid Mining District produced silver, gold, and copper estimated at a value 
of $95,500 between 1881 and 1966, but the majority of production ($87,000) occurred between 1881 
and 1889 (Bonham, 1969; Garside et al., 2000; NV Bureau of Mines and Geology, 1999).  Lode gold 
and silver totals from 1881-1966 are estimated at 35.5 ounces and 2,722 ounces, respectively 
(Bonham, 1969).  Uranium was discovered in the Pyramid Mining District in 1954 and was extracted 
in small volumes, but no total volume was reported (Bonham, 1969; Tingley, 1998).   
The Pyramid Mining District is characterized by heavily faulted volcanic rock and high 
geothermal potential with sulfide ore deposits emplaced within ash-flow tuff.  The most predominant 
ash-flow tuff in the Pyramid Mining District and throughout northwestern Nevada is Nine Hill tuff .  
Believed to have formed approximately 25.1 million years ago during the Oligocene and Quaternary 
volcanism, Nine Hill tuff (previously known as Hartford Hill Rhyolite) hosts sulfide ore deposits that 
were concentrated into economic deposits by hydrothermal fluids.  The Pyramid Mining district 
overlies the Walker Lane belt system and the Pyramid Lake fault, a northwest-striking right-lateral 
fault characteristic of the Eastern Sierra Nevada mountain range (Cashman & Fontaine, 2000; Kratt et 
al., 2010).   
The Perry Canyon AML is located in the center of the Pyramid Mining District southwest of 
Mullen Pass in the Pah Rah Mountain Range.  Figure 3 identifies the Perry Canyon AML in a map of 
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Nevada that includes major cities.  Perry Canyon is approximately 6.5 kilometers long, up to 1.4 
kilometers wide, and spans approximately 4,000 acres.   The axis of the canyon trends northwest to 
southeast and increases in elevation from 1,300 meters at the northwest end of the canyon to 1,620 
meters at the southeast end of the canyon.  An ephemeral stream (colloquially referred to as Perry 
Creek) flows along the axis of Perry Canyon from December-January to May-June depending on 
seasonal precipitation.  Perry Canyon is located 6.4 km southwest of Pyramid Lake and 
approximately 50 km north of Reno.   
Perry Canyon hosts six mine openings and several prospect holes (MWH, 2004).  The 
Nevada Bureau of Mines and Geology and BLM identified the Jones-Kincaid and the Crown Prince 
mines as being of concern by contributing AMD (MWH, 2004).  By 1878 the Jones-Kincaid mine 
was one of the earliest and most productive mines in the Pyramid Mining District, and although there 
are no records of production, it is probable that silver-bearing copper ore was produced (Bonham, 
1969; Garside et al., 2000).  Jones-Kincaid mine workings consist of two adits that are both 
approximately 100 feet long, many shafts with depths up to 150 meters, and 100-150 meters of drifts 
(Bonham, 1969).  The mine workings follow a predominant vein trending N 45° W that is visible on 
the land surface for over 2 miles (Bonham, 1969).  This vein outcrop contains highly silicified 
rhyolitic ash-flow tuff with iron oxide from sulfide oxidation (Bonham, 1969).  The Crown Prince 
mine is less notable with no record of extraction totals or detailed mine workings, but the mine had a 
single adit that was partially open when BLM conducted their investigation in 2004 (MWH, 2004).  
All mine workings in Perry Canyon were underground and utilized adits and shafts to access ore 
bearing formations.  The adits now serve as pathways of groundwater flow from the abandoned mine 
workings into Perry Creek.   
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Previous Remediation and Reclamation 
Remediation and reclamation work by BLM that occurred between 2004 and 2006 aimed to 
minimize AMD from draining into Perry Creek by sealing open adits in the canyon and constructing 
pressure relief drains in both the Crown Prince and Jones-Kincaid adit.  Four sampling wells were 
installed to monitor the groundwater quality in the canyon.  Figure 4 shows an aerial view of Perry 
Canyon and identifies the adits and the sampling wells throughout the canyon.  Well 1 is located 1.5 
km upstream of the Crown-Prince adit drain and is assumed to characterize background or non-
impacted groundwater chemistry.  Well 2 is located near the Crown Prince adit, adjacent to the 
reclaimed waste rock pile.  Well 3 is located across Perry Creek and 250 m down-gradient from the 
Jones-Kincaid adit.  Well 4 is located at the mouth of the canyon approximately 1 km down-gradient 
from the Jones-Kincaid adit.  The monitoring wells range in depth from 10.6 m to 19.8 m and are 
mainly constructed in tuffaceous bedrock or a combination of alluvium and bedrock.  Figures 5-8 
show the well logs from their installation in 2002 by BLM.  Waste rock piles at both the Crown 
Prince and the Jones-Kincaid adit were re-graded and covered using soil covers to limit surface 
erosion and mobilization of contaminants in episodic surface flows.  The soil covers also serve to 
limit infiltration, reduce AMD formation via leaching and percolation but are not engineered 
hydrologic barrier systems.  A native seed mixture was spread over the soil covers to combat erosion 
and anchor the cover soils (MWH, 2004).   
Groundwater and adit effluent sampling was conducted by BLM in 2003 and 2004 to 
determine geochemistry and to characterize impacts on the water resources of Perry Canyon.  The 
groundwater and adit seeps were sampled quarterly with sampling events during September 2003, 
December 2003, March 2004, and June 2004 (MWH, 2004).  Although the Crown Prince adit was not 
flowing during any of these sampling events, the pooled water behind the pressure relief valve was 
pumped out and collected as a sample.  Field measurements of sample pH, temperature, conductivity, 
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dissolved oxygen, turbidity, and (during some samples) oxidation-reduction potential were collected 
in the field for the surface water and groundwater samples.  Flow rates for the two adit seeps were 
also calculated during these sampling events.  Perry Creek was sampled upstream of Well 1 during 
the September 2003 event, between Wells 2 and 3 during December 2003 and March 2004, and a 
runoff surface water sample was collected downstream of the Jones-Kincaid waste rock pile on 
February 23, 2004 following a storm event (MWH, 2004).  The exact location for the runoff surface 
water sample is unknown, but the sampling location for the three Perry Creek samples and the sample 
results are shown in Figure 9.  The water chemistry data from the four observation wells and the 
Jones-Kincaid and the Crown Prince adit effluent are shown in Table 1.   
Water levels in the four observation wells were measured before any pumping occurred.  
Water levels from 2003 and 2004 can be used to determine seasonal fluctuations and overall changes 
in groundwater depth.  Table 2 shows the depth-to-water measurements in each of the four 
observation wells from BLM’s sampling events.  Since there are only four observation points for the 
groundwater behavior, assumptions are required regarding the behavior of the aquifer in areas where 
direct observation is not possible.   
The waste rock surrounding both adits and the mineral salts that have formed around the adit 
effluent were also evaluated for acid generating potential and metals release into the groundwater and 
surface water (MWH, 2004).  Table 3 and Table 4 show the results from the sampling events of the 
salt precipitate and the waste rock lead by BLM.  Figure 10 shows the precipitate directly below the 
Jones-Kincaid pressure relief valve.   
Local Climate 
A meteorological (MET) monitoring station was installed in the canyon during December 
2015 to observe and record hourly climate data.  Figure 11 shows an image of the MET station in the 
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field.  Precipitation (P), net solar radiation (Rn), temperature (T), relative humidity (RH), and wind 
speed (U) and direction were recorded for the 2016 calendar year.  Perry Canyon has an arid climate 
typical of Northwestern Nevada and experiences annual average rainfall of 211 mm.  This was 
calculated from averaging modeled annual precipitation generated by the gridded meteorological 
model gridMET for Perry Canyon between 1979 and 2017 (Huntington et al., 2017).  The MET 
station at Perry Canyon recorded 242.2 mm of total precipitation during the 2016 calendar year which 
was a wetter than typical year.  Thus, the modeled average annual rainfall is consistent with field 
observations.    
Air temperature in Perry Canyon fluctuates seasonally, with the highest monthly average air 
temperature for 2016 in July and August and the lowest during December 2016.  The air temperatures 
recorded in Perry Canyon during 2016 ranged from 38.3°C to -17.1°C.  Relative humidity during the 
2016 calendar year averaged 46.7%.  Wind speed in Perry Canyon follows the trend of the air 
temperature, increasing with warmer temperatures and decreasing with cooler temperatures.  




Figures for Background  
 
Figure 3:  Map showing the location of the Perry Canyon AML as well as the cit ies of 






Figure 4:  This map shows boundaries of Perry Canyon as well as the Jones-Kincaid 
and Crown Prince adits and the MET Station.  Waste rock piles that were regraded and 
capped are shown in red.  The four observation wells are labeled  with Well 1 to the 





Figure 5:  Drill ing log of Well 1.  Well dril ling was led by BLM in 2002 through mostly 


















Figure 9:  The sampling locations and results of three surface water samples from Perry 




Table 1:  The sample results from the Crown Prince and Jones-Kincaid adit seeps, Perry 
Creek, and Perry Creek runoff are shown in the table below.  The blue shaded cells 
indicate that the analyte was not detected at or above the method detection limit 
(MDL), the green cells were analyzed outside of holding time, and yellow cells indicate 
an analyte was detected at a concentration between the MDL and the practical 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2:  Depth-to-groundwater in each observation well during all four sampling even ts 
conducted by BLM are shown as well as the overall average for each well (MWH, 
2004).   
DTW (m) Well 1 Well 2 Well 3 Well 4 
Sep 03 16.18 7.67 5.81 6.39 
Dec 03 16.81 8.40 6.08 8.05 
Mar 04 3.51 7.57 4.85 3.07 
Jun 04 11.37 7.65 5.06 4.24 






Table 3:  The sample results of salt precipitate around both adit eff luents are shown 
below.  The green shaded boxes represent values where the analyte was not detected 






































Table 4:  Selected results from the waste rock leaching samples that BLM collected in 
2003 are shown below with a duplicate from Jones-Kincaid waste rock cover.  To 
determine the potential of the waste rock to produce AMD, samples were analyzed for 
MWMP lechate and acid-base accounting.  The results shaded in green represent 
values where the analyte was not detected above or at the MDL.  Values shaded in red 
indicate results where the analyte detached at a concentration above the MDL, but 
below the practical quantitation limit (MWH, 2004).   
 
Waste Rock Sample Location: Crown Prince Jones-Kincaid 
Parameter Units Primary Primary 
As mg/L 9.41 7.09 
Calcium mg/L 75 546 
Copper mg/L 64.2 217 
Iron mg/L 820 758 
Lead mg/L 0.01 0.005 
Silver mg/L 0.01 0.03 
Zinc mg/L 3.34 81.7 
pH units 2.2 2.3 
Chloride mg/L 1 2 
Fluoride mg/L 1 2 
Nitrate/Nitrite as N mg/L 0.09 0.3 
Residue, Filterable (TDS) mg/L 5990 12800 
Sulfate mg/L 4590 8930 






Figure 10:  The salt precipitate just below the Jones-Kincaid adit discharge point are 





Figure 11:  The MET station at Perry Canyon instrumentation shown.   
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Meteorologic Data Collection 
Understanding interactions between the water resources of Perry Canyon involves monitoring 
the water balance, soil properties, and geochemistry of the site.  The water balance was approximated 
using collected data from the MET station and estimations regarding infiltration and soil moisture.  In 
this study, MET station data is assumed to be representative of meteorology throughout Perry 
Canyon.  Limited data was collected regarding soil moisture and limited data was collected regarding 
surface runoff or infiltration.  Where these quantities were required for analysis, reasonable 
assumptions were required.    
The MET station monitors and records precipitation, net radiation, relative humidity, 
atmospheric temperature, and wind speed and direction.  The station instrumentation included a Texas 
Electronics 0.1 mm tipping bucket rain gage, R.M. Young wind sentry set, Kipp & Zonen net 
radiometer, CSL temperature and relative humidity probe with a RM Young 6-plate Gill radiation 
shield, and the Campbell Scientific CR1000 datalogger.  All instrumentation was powered by a 10W 
solar panel which supplied a 12V power supply with a charging regulator and rechargeable battery.  
The datalogger and 12V power supply were concealed in a 12” x 14” weather-resistant enclosure and 
were mounted on a 10 ft galvanized steel tubing tripod.  The net radiometer, temperature and relative 
humidity probe in the radiation shield, and the wind sentry set were mounted on the tripod as well.  
The tripod was equipped with both a grounding kit and a lightning rod.  The tipping bucket rain gage 
was mounted on a free-standing mounting pole approximately 2 feet north of the tripod.  The 
datalogger was programmed to collect hourly averages, minimums, maximums, and timing details 
using Campbell Scientific’s ShortCut programming software.   
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The tipping bucket rain gage contains a collection funnel with a diameter of 24.5 cm that 
feeds into an internal tipping bucket with a volume of 4.73 mL (0.16 fl oz).  Each tip of the tipping 
bucket represents 0.1 mm of rainfall.  The mounting pole for the rain gage stands at 58 cm and is 
buried approximately 20 cm into the ground.  The rain gage was leveled to ensure an appropriate 
sample of precipitation (Campbell Scientific, Inc, 2016d).  All instrumentation was sited and mounted 
to prevent obstruction by the surrounding environment and allows for objective data collection. The 
rain gauge may not measure snowfall accurately due to piling on the grate and delay due to melting, 
making this a potential source of error in precipitation measurement in freezing temperatures.   
The R.M. Young Wind Sentry Set was mounted to an aluminum pipe and secured 
perpendicular to the tripod crossarm.  The tripod crossarm was oriented to point North-South as the 
vane was oriented North.  The sentry set was mounted 2 meters above the ground surface as 
instructed in the reference evapotranspiration formula (Zotarelli et al., 2010).  Wind speed can be 
calculated using the empirical equation U=MX + B where U is the wind speed, M is a multiplier, X is 
the number of pulses per second (recorded in Hertz), and B is the offset.  For this wind sentry set, M 
= 0.750 and B = 0.2 to calculate the wind speed in meters per second.  The datalogger collects the 
information regarding pulses per second and determines the wind speed on an hourly basis (Campbell 
Scientific, Inc, 2016a).   
The NR-LITE2 net radiometer siting considerations involved mounting the instrumentation 
away from shadows or reflections above a natural plot of land indicative of the surrounding 
environment.  The radiometer was mounted approximately 1.5 meters above ground level through a 
mounting bracket that is secured to the tripod crossarm and leveled using the bubble level included on 
the sensor.  The calibration includes the conversion of the recorded data from μV/(W/m2) to 
(W/m2)/mV.  This is done by dividing 1000 by the calibration factor of the instrument (Campbell 
Scientific, Inc, 2016b).   
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The installation manual for the CS215 temperature and relative humidity probe recommends 
installation over a natural level ground surface at least 9 m in diameter, away from any nearby 
obstructions or paved areas.  Perry Canyon does not have many large diameter level areas for 
mounting, so the probe was attached to the tripod above a relatively level area that was void of 
obstructions but did include some shrubs and grasses.  This area is indicative of the natural 
environment of Perry Canyon.  The probe was mounted within the white radiation shield consisting of 
6 downward-sloping plates to allow exchange of air and humidity but to avoid sunlight directly 
contacting the probe.  The probe and radiation shield were mounted on the main frame of the tripod 
approximately 2 meters above the ground (Campbell Scientific, Inc, 2016c).   
The 10 W solar panel is mounted to the southernmost leg of the tripod at an appropriate angle 
to maximize exposure to the sunlight.  The solar panel was directly wired into the 12V battery so that 
the charge could be regulated and stored.  The battery was then wired to the datalogger as a power 
supply.   
All instrumentation was wired directly into the datalogger and data collected based on 
parameters determined by the researcher.  ShortCut is an interface software for the Campbell 
Scientific datalogger and allows the user to define the scan interval, define the sensors and 
instrumentation, and specify the type and frequency of data that are stored in datalogger memory.  A 
variety of information is collected during each scan, including the average, maximum, and minimum 
panel temperature of the instrumentation within the enclosure (°C), the total amount of rain collected 
(in mm), the wind speed maximum, minimum, and average (m/s), a “sample” reading of the wind 
direction at the beginning of each hour, the average, maximum, and minimum air temperature (°C), 
the maximum and minimum relative humidity, the average net radiation reading (W/m2), and the 
average and minimum voltage held within the battery (V).  The datalogger also records the specific 
times that each maximum and minimum occurred.  The maximum, minimum, or average is calculated 
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over each hour.  The collected data was gathered monthly by a manual download from the datalogger 
in the field onto a laptop.   
The MET station was installed in Perry Canyon during December 2015 and has collected data 
continuously since its installation.  The MET station location is at an elevation of 4867 feet and 
stands slightly north of Perry Creek and the riparian area at the mouth of a small side canyon.  The 
precise location of the MET station is shown by Figure 4.  This location was chosen due to its 
proximity to Perry Creek, making the observed environmental variables a representative sample for 
the rest of the canyon.  This site also has an elevation similar to the average elevation throughout 
Perry Canyon and is slightly elevated above the floodplain of the stream, removing the risk of flood 
damage to the instrumentation during large flood events.  Due to threats of vandalism by recreating 
individuals in the area, the tripod, crossarm, enclosure, and rain gage were painted with a camouflage 
pattern in an effort to disguise the instrumentation.   
PET Calculation 
The MET station data were used to calculate potential evapotranspiration (PET) on an hourly time 
scale.  The hourly PET was compiled to determine daily, monthly, and annual PET.  
Evapotranspiration (ET) is the sum of the rate of evaporation and transpiration from a land surface 
(Zotarelli et al., 2010).  PET is calculated from meteorological variables and describes the maximum 
amount of evaporation and transpiration that could occur with an unlimited water supply (Karlsson & 
Pomade, 2003).  Arid environments such as Perry Canyon often do not experience precipitation 
sufficient for ET to equal PET, keeping groundwater recharge and runoff minimal and causing PET to 
drive water movement throughout the environment (NOAA, 2017).   
The Penman equation is a method of calculating evaporation and uses an energy balance to 
estimate evaporation rates from meteorological data to determine ET for open water, bare, soil, and 
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grass (Penman, 1948).  This calculates evaporative latent heat flux from the saturated vapor pressure, 
daily mean temperature, net radiation flux, sensible heat flux into the soil, psychrometric constant, 
and vapor transport of flux (Zotarelli et al., 2010).  A common iteration on the Penman equation is by 
J.L. Monteith who adjusted the evaporation equation to include the bulk surface resistance from 
surface and aerodynamic resistance, where surface resistance refers to the resistance by the plant to 
release water vapor and aerodynamic resistance refers to the interactions of the air flow with 
vegetation (Monteith, 1965; Penman, 1948).  The Penman-Monteith method is used to calculate 
reference potential evapotranspiration (ETO) in Perry Canyon.  The Penman-Monteith method is 
known to overestimate evapotranspiration up to 20% (Langensiepen et al., 2009).  Despite this, the 
Penman-Monteith equation is known to accurately predict ETO in both arid and humid climates, 
although it cannot accurately predict microclimates (Allen et al., 1998).  This calculation can account 
for sparse or dense vegetation, soil water availability, and many other climactic variables using a 
complex formula that depends on multiple meteorological measurements (Zotarelli et al., 2010).   The 
original Penman-Monteith equation has been slightly altered to calculate hourly PET with the hourly 
dataset that was collected (Zotarelli et al., 2010).   
The MET station data was used to calculate hourly PET and the calculated values were 
compared to historic climate data and modeled values estimated by the gridMET software.  This 
comparison contrasts the observed 2016 water budget with a water budget developed from averaging 
historical precipitation and PET to identify how contaminant fate and transport within Perry Canyon 
is affected by changing annual precipitation.   
Sampling 
Samples were collected from the four groundwater sampling wells, adit drains, Perry Creek 
surface water, streambed soils, and waste rock cap soil and analyzed for the presence of 
contaminants.  The groundwater and Jones-Kincaid adit effluent were sampled during four sampling 
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periods (February 2016, June 2016, November 2016, January 2017) while the Crown Prince adit 
effluent was only sampled during the February 2016 sampling period due to limited flow.  Soil 
samples were collected and analyzed during June 2016 and April 2017 and surface water samples 
were collected during the January 2017 sampling period.  The sample analysis for the February 2016, 
November 2016, and January 2017 sampling periods was completed by the Nevada State Health Lab 
and Western Environmental Testing Laboratory was used for the sample analysis in June 2016.  Each 
analysis was completed using a routine domestic panel test plus a Pb test.  The routine domestic panel 
test varies slightly between the two laboratories, providing slightly different reporting limits and 
parameters reported between the sample results.  The depth-to-water in each observation well was 
also recorded and compared to data from the BLM sampling events.   
The first groundwater sampling event was accomplished using Ben Meadows Outdoor 
Supplies 1.5” diameter hand bailers.  A clean bailer was used for each sample.  The Proactive 
Supernova 70 Sampling Pump was used as the submersible pump in the field for the second, third, 
and fourth groundwater sampling events.  The pump has a diameter of 1.44” and a pumping rate of 
approximately 0.12 L/s (ECT, 2017) depending on the depth-to-water.  The sample collection process 
closely followed the EPA recommended “low stress purging and sampling procedure for the 
collection of groundwater samples from monitoring wells” (U.S. EPA Region 1, 2010). Water depth 
measurements were taken prior to any pumping to determine the casing volume at each well.  The 
purge volume was calculated to be three times the casing volume, as instructed in EPA’s Purging and 
Sampling procedure (U.S. EPA Region 1, 2010).  The purge volume was removed from these wells 
using either a submersible pump or a hand bailer.  The pH was measured approximately once per 
minute during the sampling process to observe the evolution of the pH throughout the purging 
process.  In circumstances where the well ran dry during purging, the pumping was immediately 
stopped to allow the groundwater levels to rise again and samples were taken once the well had 
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recovered sufficiently and the pH had stabilized, as instructed in the Purging procedures from the 
U.S. Office of Surface Mining Reclamation and Enforcement.  Previous to any contact with the well, 
the submersible pump was activated in a bucket of clean water to determine the pumping rate, then 
the pumping rate and the desired purge volume were used to determine the required time for 
pumping.  The pump was submerged and activated in clean water again between each sample 
collection.  Latex gloves were worn by the researchers during sample collection.   
Adit effluent was sampled using a small beaker rinsed with DI water to collect small volumes 
of effluent to fill the large sample containers.  Surface water from Perry Creek was collected in a 
similar manner, although the flow rate and depth of Perry Creek is larger than the adit effluent so that 
the sample containers could be filled directly from the streambed.  Once sampling containers were 
filled they were immediately labeled and placed in an isolated container so as to avoid interaction 
with potential contaminants.  The flow rate of the adit effluent was calculated during each sampling 
event using a plastic liner to funnel all effluent into a graduated cylinder.  The time required to collect 
a set volume of effluent was used to determine flow rate.   
Duplicates of at least one groundwater sample were collected during each sampling event for 
quality assurance.  The duplicate was collected immediately after the primary sample was collected 
and the sample location was randomly selected during each sampling event.  All soil sampling events 
also included a duplicate sample of a random sample location.  A trip blank was used during one 
sampling event to ensure no contamination from the transport or handling of the samples occurred.    
Sample collection techniques and compromised well casings are potential sources of error for 
the sample analysis.  Groundwater samples from the February 2016 sampling period were collected 
from compromised well casings that may have skewed the chemical composition of the samples.  The 
wells were rehabilitated in March of 2016 to remove vandalized casings, provide well covers, and 
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secure well access by installing ground-level casing boxes for Wells 1-3 and a locking steel enclosure 
for Well 4.  Well 2 was airlifted to remove any debris.  Samples collected previous to the 
rehabilitation efforts may have contained contamination sourced from oxidized casings or 
contamination introduced into the well.   
Soil samples were collected with a spade and a coring driller that were rinsed with DI water.  
The topsoil was removed from the sample location and soil was collected from a depth of 
approximately 8 inches below the surface.  The Jones-Kincaid waste rock sample was collected using 
a different procedure due to the compact nature of the material.  The material was collected from a 
compact vertical surface, as shown in Figure 12.  The researcher scraped away the outside edge and 
collected the sample from 1 to 2 inches into the surface.  Field samples of soil on waste rock caps and 
in the streambed were conducted with an XRF Spectrometer.  The Spectrometer was aimed at the soil 
sample and determined the chemical composition after 90 seconds of analyzation.  This method is 
limited by the ability of the spectrometer to penetrate into the soil and the small sample size of the 
instrument.  Since the sample is being tested in-situ and undisturbed, the XRF reading is limited to 
the top few millimeters of soil.  The XRF output also presents a bulk reading without specifying the 
bioavailability or oxidation state.  A potential source of error may be the moisture content of the soil.  
Moisture decreases the accuracy of the XRF readings.  The XRF data are compared to laboratory 
results for soil samples for As and Pb concentrations.   
Sand cone tests were conducted in the field for the waste rock cap soils using a scale, a cone 
with a known volume, sand with a known density, and a spade.  The field testing followed the 
procedure described in AASHTO T 191 for the “Method of test for density of soil in-place by the 
sand-cone method.”  Soil saturation tests were conducted in the laboratory to determine the moisture 
content of all excavated soils following the procedure outlined in ASTM D 4643.  Infiltrometer tests 
on the waste rock caps were conducted, although the Jones-Kincaid waste rock cap test was 
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unsuccessful due to leaking from the machine during testing.  The saturated hydraulic conductivity 
for the Crown Prince waste rock cap was found to be 0.000075 cm/s.   
MODFLOW Model 
A hydrologic model was developed using MODFLOW through the GMS interface to 
simulate possible groundwater flow paths of adit effluent and the waste rock leachate containing 
AMD.  Inputs of recharge, horizontal conductivity, elevation, hydraulic head, and streamflow were 
used to create an interactive model that simulates the impacts of changing hydraulic heads on flow 
paths.   A digital elevation model was uploaded and georeferenced with background imagery to set 
the surface elevation and location of the model.  The perimeter of the model was defined by the 
surrounding ridgeline that hydrologically confines Perry Canyon and defines the watershed.  The 
north-most boundary of the model is defined by the outer edge of the alluvial plain across Highway 
445, or Pyramid Highway.  A grid frame was fit to the model and populated with 5000 cells.   
Each cell was initially assigned a horizontal hydraulic conductivity of 0.086 m/d (or 10-4 
cm/s) and a recharge rate of 0.0004 m/d.  This recharge value was estimated by subtracting the daily 
PET total from the daily precipitation total for each day in 2016 to determine the maximum potential 
combined runoff and recharge for Perry Canyon.  Horizontal hydraulic conductivity and recharge 
were manipulated with multiple iterations of the model since the exact runoff recharge ratio and 
hydraulic conductivity are unknown.  A porosity of 0.3 was assigned to each cell in the model.   Cells 
were assigned an initial hydraulic head equal to the surface elevation as the starting estimation for the 
model.  The setup of the model is shown in Figure 13.  The model was run to predict hydraulic head 
values at each cell in the grid frame by matching the modeled hydraulic heads in the observation 
wells to observed hydraulic heads.  The model output with the smallest difference between estimated 
and observed hydraulic head had 0.0001 m/d of recharge (or 25% of the combined maximum 
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recharge runoff) and a horizontal conductivity of 1.0 m/d.  The MODPATH package was then used to 
assign particles to the cells in the location corresponding to the adit effluent, waste rock repositories, 
and a cross-section across the width of the canyon.  The MODPATH package uses the calculated 
hydraulic heads to identify flow paths perpendicular to hydraulic head gradients through the 
groundwater and surface water.  It is assumed that contamination sourced from these areas follow 
these flow paths.   
Geochemical analysis of samples from the adit effluent and groundwater were compared to 
the soil chemistry and surface water flows along the designated flow paths.  This comparison was 
used to validate the estimations of the model with concentrations found in the field and identify 
source areas of contamination.   
This model was limited by the availability of data but serves as an approximation to 
understand groundwater movement and contaminant movement through Perry Canyon.  Site-specific 
soil data was not input to this model.  The inputs for hydraulic head were based on four hydraulic 
head measurements from groundwater observation wells.  Since there are only four known values for 
each model simulation, estimation and integration throughout the canyon was required to assign a 
head value to each cell.  This was done using linear interpolation between the wells and towards the 
alluvial fan.  More sampling of hydraulic head would increase the accuracy of the model predictions.  
Furthermore, estimations of recharge and horizontal conductivity were based on iterations of the 




Figures for Methods 
 
Figure 12:  The waste rock that was sampled from the Jones-Kincaid waste rock pile 
was collected from the light-colored material  shown here.  The exposed waste rock 






Figure 13:  The boundary of Perry Canyon is shown populated with the starting heads.  
The starting heads matched the land elevation of the site ( in meters).  Perry Creek is 
shown by the blue line in the center of the canyon and the four observation wells are 







Appendix A includes the complete dataset of daily meteorological data.  Monthly 
precipitation totals, wind speed averages, and air temperature averages are shown in Table 5.  The 
monthly totals and percentage of annual precipitation are shown in Table 6.   Since no historical 
meteorological monitoring occurred in Perry Canyon, the MET station data are compared to modeled 
historical data from gridMET to determine if the observed data lies within the expected range from 
the developed gridMET model.   
Over 50% of the 2016 total annual precipitation occurred between January and May.  June 
2016 and July 2016 did not experience any precipitation and August 2016 experienced 3.9 mm of 
precipitation, or 1.6% of the total annual precipitation.  October through December 2016 recorded 
114 mm of precipitation, or 47% of the annual precipitation.  During 2016, 74 days with precipitation 
were recorded.  Of those 74 days, 12 days included a cumulative total greater than 10 mm totaling 
67% of the annual precipitation volume and 6 days totaled greater than 20 mm of precipitation and 
totaled 42% of the total precipitation volume.  Of the 74 total days of recorded precipitation, the 
average hourly air temperature was below freezing during precipitation for 27.6 mm of the total 242.2 
mm, or 11.4% of the annual precipitation.  It can be assumed that this precipitation occurred as 
snowfall.   
Since the meteorological data from Perry Canyon is limited to the 2016 calendar year, 
observed precipitation was compared to gridMET estimations.  Although gridMET averages 211 mm 
of total annual precipitation for Perry Canyon based on historical data, modeled precipitation for 2016 
total 407 mm.  Three days were missing from the collected data logs due to technical errors, so 
gridMET predictions for precipitation were used for January 29-31.  Including the gridMET 
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predictions, annual precipitation for 2016 totaled 243.8 mm.  This variability in modeled vs. observed 
precipitation is acceptable due to the large area that is averaged for model estimations compared to 
the specific location used to collect measured data (Huntington et al., 2017).  To illustrate the 
difference between an average precipitation year and the observed 2016 precipitation data, the 
modeled precipitation data for 2016 was collected from the gridMET and compared to the observed 
precipitation data.  Both datasets are shown in Figure 14.   
Average daily air temperature in Perry Canyon follows predictable seasonal fluctuations with 
the average air temperature in June-August 2016 at 23°C and the average air temperature during 
January, February, and December 2016 at 1.9°C.  The minimum and maximum air temperatures 
recorded in 2016 were -17.1°C and 38.3°C, respectively.  Ninety-two days of 2016 recorded a 
freezing temperature while 273 days did not record a temperature below 0°C.  Figure 15 shows a 
graph of the average daily air temperature.   
The average daily wind speed tends to vary proportional to air temperature.  Wind speed 
increases to an average monthly maximum during June and decreases to an average monthly 
minimum during January.  While the average monthly wind speed increases during summer months, 
the variability increases during months with greater precipitation due to increases in wind speed 
during storm events.  The average daily wind speed in June-August 2016 is 1.4 m/s and drops to 1.1 
m/s during January, February, and December 2016.  Overall the wind speed remains relatively 
consistent with a few outliers.  The maximum instantaneous wind speed recorded was 13.5 m/s, but 
the overall average wind speed for 2016 is approximately 1.2 m/s.  The average daily wind speed is 
shown in Figure 16 below.   
The total annual PET calculated from MET data totals 1116 mm.  Since there was a small gap 
in the collected MET data spanning three days, estimated PET for January 29-31 was modeled by 
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gridMET and included in the annual PET total.  The gridMET modeled PET exceeds the calculated 
PET, totaling 1405.9 mm.  The calculated daily PET for the 2016 calendar year is compared to the 
gridMET modeled PET in Figure 17.   
The gridMET software estimated greater PET and greater precipitation than was recorded for 
Perry Canyon during 2016.  This discrepancy may be due to gridMET anticipating a larger water year 
than average, and although the precipitation was slightly more than historical averages, precipitation 
totals did not meet the estimation.  Overall the MET station data is similar to the gridMET predictions 
and can be assumed to be appropriately sited and representative of the climate in Perry Canyon.   
Groundwater Sampling 
The complete results for all samples collected and analyzed by the laboratory are shown in 
Appendix B.  Analysis of groundwater samples from each well over the four sampling events are 
summarized in Tables 7-10.  Each sampling event included at least one duplicate sample (not shown 
in the tables but are included in Appendix B).  Concentrations outlined in red exceed the EPA MCL 
for National Primary Drinking Water Regulations (US EPA, 2017a).  Although groundwater quality 
monitoring is not subject to the same regulations as drinking water quality, many dissolved 
constituents are compared to their MCL as a way to monitor water quality.  Within the tested 
constituents, MCLs are defined for F, As, Ba, and nitrate+nitrite.  Groundwater sample concentrations 
exceeded the MCL for F and As.   
Groundwater samples from the February 2016, June 2016, and November 2016 sampling 
periods contained concentrations of Pb exceeding the action level of 15 μg/L (US EPA, 2017b).  The 
January 2017 sampling event did not determine elevated Pb concentrations in any of the observation 
wells.  Well 4 samples from the mouth of the canyon have consistently had lower concentrations of 
Pb and F than background concentrations throughout all sampling events.   
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Wells 2 and 3 contained As concentrations above the MCL throughout all sampling events.  
Concentrations of As in Well 2 reached a maximum of 2 orders of magnitude above the MCL of 10 
μg/L (maximum=1200 μg/L).  The concentrations of F in Well 2 has exceeded the drinking water 
MCL during the February 2016 and January 2017 sampling events (MCL=4 mg/L).  Cu 
concentrations exceed the action level of 1.3 mg/L by 1-2 orders of magnitude throughout all 
sampling events (US EPA, 2017b).   
The pH of Well 2 is lower than the pH of the other wells, averaging pH 3.5 for the four 
sampling events while Wells 1, 3, and 4 average approximately 7.  This low pH may be due to the 
proximity of Well 2 to the Crown Prince adit effluent and waste rock dump.   
Overall, concentrations of Ca, sulfate, chloride, total dissolved solids (TDS), and hardness are 
higher downstream than the upstream background concentrations.   
The previous work in Perry Canyon by BLM included seasonal sampling for groundwater 
and the adit effluent in 2003-2004, allowing researchers to identify changes in the groundwater and 
surface water chemistry since 2004.  The 2003-2004 samples were taken immediately after 
remediation structures were installed.  The figures included in Appendix C show the concentrations of 
Pb, As, and other dissolved constituents from the BLM sampling period in June 2004 compared to 
sample results from June 2016 for the four groundwater monitoring wells and the Jones-Kincaid adit 
effluent.  The Crown Prince adit effluent results were compared from March 2004 and February 2016.   
Adit Effluent Sampling 
The sample results of the two sources of adit effluent can be found in Table 11 and Table 12.  
All samples of adit effluent maintain a pH less than 3.  The Crown Prince adit effluent contained As 
concentrations elevated to three orders of magnitude above the MCL for As (21000 μg/L, MCL=10 
μg/L), two orders of magnitude above proximate groundwater concentrations (5 μg/L), and four 
47 
 
orders of magnitude above As concentrations in the Jones-Kincaid adit effluent (2.5 μg/L).  The 
Jones-Kincaid adit effluent did not contain As at detectable levels during any of the sampling events.   
The Crown Prince adit effluent has been observed to hold flow only while Perry Creek is at 
peak flow.  During these times, the flow rate of the Crown Prince adit effluent is much less than the 
discharge of the stream so the adit effluent would be diluted upon integration with Perry Creek and 
may have limited downstream impact.  
Surface Water Sampling 
Surface water samples of Perry Creek were collected and analyzed only during the January 
2017 sampling period, therefore the seasonal fluctuations within Perry Creek are unknown.  The 
samples were collected during a period of high flow in Perry Creek, so it is possible that an elevated 
base flow may have diluted the adit discharge.  The samples of Perry Creek were collected from two 
locations:  the junction of the Crown Prince adit discharge and Perry Creek (STRW2) and 5 yards 
upstream from the creek-road junction by Well 3 (SWW3).  The first sample (STRW2) is 
downstream of the first adit and the second sample (SWW3) is downstream from both adits.  Neither 
sample contains concentrations of As or Pb above the MCL or action level, respectively.  The results 
of these samples are shown in Table 13.   
Soil Sampling 
The results of the laboratory testing of the soil samples and a map showing the sample 
collection areas are shown in Table 14 and Figure 18.  A hand-held XRF Spectrometer was used in 
the field to determine concentrations of constituents in soil in addition to the laboratory tests.  
Selected results from the XRF sampling and a map of sample locations are shown in Table 15 and 
Figure 19.  The concentrations of As and Pb from the laboratory tests were compared to the XRF 
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results in similar sample locations.  This comparison is shown in Figure 20.  The As and Pb 
concentrations in the April 2017 soil samples are shown in Figure 21.   
Samples of the waste rock caps were collected to determine density and moisture content.  
The results of the sand cone density test and the soil moisture test for the four waste rock cover 
samples that were collected are shown in Table 16.   
The results from the sand cone density test and soil moisture test for the waste rock cover soil 
showed differences between the Crown Prince waste rock cover and the Jones-Kincaid cover.  Sand 
cone density tests were conducted in the field in accordance with ASTM standard D1556 (ASTM, 
2017a).  Soil moisture tests were conducted in accordance with the ASTM standard D2216 (ASTM, 
2017b).  The Crown Prince samples contain less moisture than the Jones-Kincaid samples.  This may 
be due to the difference in elevation at the sites or a difference in soil properties of the waste rock 
caps.  Sample densities were not uniform throughout the sampling location.  This may be due to 
compaction in various areas on the waste rock cap from humans or wildlife.   
Piper Diagrams 
The chemistry of the adit effluent samples, groundwater samples, and surface water samples 
were plotted in Piper diagrams for each sampling interval to contrast the cation/anion composition 
from each sampling location.  Water chemistry data from 2004 was included in these Piper diagrams 
for sampling events from corresponding months to show changes from 2004 to 2016.  These Piper 
diagrams are included in Figures 22-26.   
The Piper diagrams of the groundwater samples show a distinction in water chemistry 
between samples collected upstream and samples collected downstream of the adits.  Greater 
carbonate and bicarbonate concentrations and less chloride and sulfide concentrations are present in 
the Well 1 samples than the downstream wells and the adit effluent.  The adit effluent samples 
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contain the highest concentrations of sulfide, chloride, and magnesium.  A trend within the 
groundwater samples relates the chemistry of the adit effluent samples with proximity of sampling 
location to the Crown Prince adit.   
Although the samples of surface water from Perry Creek were collected directly downstream 
from the adit discharge, surface water ion distribution is more similar to background groundwater 
chemistry than adit effluent water chemistry.  The apparent may be due to rapid infiltration of the adit 
discharge, sorption of the contaminants by the soils, or dilution of the adit discharge in surface water 
flows.  It should be noted that these samples were collected during a period of high base flow in Perry 
Creek.    
Groundwater Behavior 
Depth-to-water in each groundwater monitoring well was measured periodically throughout 
2015, 2016, and into 2017.  This measurement was converted to hydraulic head by subtracting the 
depth-to-water measurement from the monitoring well elevation.  The depth-to-water measurements 
for each observation well along with monthly precipitation are shown in Figure 27 to show the effects 
of heavy precipitation on groundwater elevation.   The depth-to-water measurements from the 2004 
sampling events can be compared to the 2016 measurements to estimate change in the aquifer 
volume.  Water level data from 2004 and 2016 can be seen in Figure 28.   
The average head of Well 1 increased by 8 meters from 2004 to 2016 but average head in 
Wells 2-4 remained approximately constant.  The 2016 data shows an inverted relationship between 
the water table and elevation with a large depth-to-water in the higher elevation wells and a smaller 
depth-to-water in the lowest elevation well.  The 2004 data shows the opposite, with high water levels 
in the high elevation wells.  This difference may be due to the presence of fractured bedrock in the 
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higher elevations of the canyon compared to the higher porosity alluvial deposits in the mouth of the 
canyon, allowing wells at lower elevations to maintain constant groundwater elevation.     
MODFLOW Model 
The MODFLOW model outputs including MODPATH flow paths are included to show the 
expected particle transport pathways through Perry Canyon.  The MODFLOW model was calibrated 
to the measured hydraulic head from 2004 and 2016 to determine hydraulic gradient and particle flow 
paths throughout the canyon.  The hydraulic head measurements did not vary enough between each 
sampling event in 2004 or 2016 to impact the flow paths or the hydraulic gradient in the model, 
therefore the model calibrated to April 2017 conditions was used to demonstrate differences between 
observed and modeled head.   
Figure 29 shows the model output for hydraulic gradient through Perry Canyon. The 
correlation between observed and modeled hydraulic head values in the wells is shown in Figure 30.  
The hydraulic head values in each of the wells were overestimated by the model, although there is 
little error between the final calculated heads and the observed heads.  The flow budget of the model 
is shown in Table 17.  The flow paths are shown by the blue lines in the model output and run 
perpendicular to hydraulic gradient contours.  Flow paths sourced from the adit effluent and waste 
rock areas are shown in Figure 31 while flow paths sourced from a cross-section of the canyon around 
Well 1 and around the Jones-Kincaid adit are transported in Figures 32-33.  Each of these figures 
shows the flow path moving through the groundwater of Perry Canyon.  When flow paths join Perry 
Creek, the MODPATH lines align with the streambed.   
The predicted hydraulic head for each cell in the model is shown by Figure 34.  The model 
predicted flooding around the alluvial plain and within the riparian zone of the canyon.  Flooding 
around the highway and at the mouth of the canyon was observed in the field, as well as a large rise in 
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the stage of Perry Creek and a complete rerouting of the surface water flows during the large 
precipitation event in January 2017.   
These model outputs estimate that it is possible for contamination sourced from the waste 
rock piles or the adit effluent to flow into the alluvial field, but most flow paths in the model became 
intercepted by Perry Creek.  These outputs suggest that contamination would manifest in the 




Figures for Results 
Table 5:  Monthly totals of precipitation, average wind speed, and average air 
temperature from the collected MET Station data are shown.  Not all measured 
variables are included in this table; a complete table of all variables collected is 
included in Appendix A.    
 
  
Month Total Precipitation (mm) Average Wind Speed (m/s) Average Air Temperature (°C)
January 30.2 0.9 1.0
February 14 1.0 5.8
March 26.5 1.4 6.9
April 17.7 1.3 10.6
May 35.5 1.2 13.3
June 0 1.4 21.1
July 0 1.4 24.0
August 3.9 1.3 24.0
September 0.6 1.2 18.5
October 59.5 1.2 11.6
November 8.3 1.0 6.7
December 46.2 1.1 0.8
Total 242.4 1.2 12.2
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Table 6: The cumulative precipitation for each month of 2016  is shown below.  The 






















Figure 14:  Observed daily precipitation totals from the MET Station are compared to the 
gridMET daily precipitation totals for Perry Canyon.   The annual observed total was 





Figure 15: Daily average air temperature is shown as recorded by the MET station for 











Figure 17:  PET calculated from observed MET variables for Perry Canyon is compared 





Table 7: Analysis of samples taken from Observation Well 1 .  Cells including an asterisk 
were below the MDL and cells in red exceed the MCL.   
 
  
Test Name Q1 Q2 Q3 Q4 Units MCL Action Level Secondary
Lead 840 130 1200 8 μg/L 15
Barium 0.12 0.025 0.04 0.03 mg/L 2
Boron 0.05* 0.05* 0.05* 0.05* mg/L
Calcium 14 20 32 13 mg/L
Copper 0.34 0.025* 0.04 0.01* mg/L 1.3
Hardness 64 82 130 52 mg/L
Iron 20 1.2 1.2 2.5 mg/L 0.3
Magnesium 7 7.6 12 2.5* mg/L
Manganese 0.35 0.025 0.03 0.03 mg/L 0.05
Potassium 6 3.5 2.5* 2.5* mg/L
Silica 130 52 51 62 mg/L
Silicon 59 24 29 mg/L
Sodium 24 31 38 25 mg/L
Zinc 0.16 0.01* 0.025* 0.025* mg/L 5
Chloride 6 6 8 6 mg/L 250
Fluoride 0.2 0.14 0.05* 0.1 mg/L 4
TDS 310 240 320 250 mg/L 500
Nitrate + Nitrite 0.25* 0.16 0.25* 0.25* mg/L 10
Alkalinity as CaCO3 24 38 34 26 mg/L
Bicarbonate 29 38 42 32 mg/L
Carbonate 6* 0.5* 6* 6* mg/L
Conductivity 220 440 210 umhos/cm
Hydroxide 3.5* 0.5* 3.5* 3.5* mg/L
pH 7.06 6.98 6.62 7 6.5-8.5
Sulfate 66 87 160 57 mg/L 250
Arsenic 23 2.5* 1.5* 5 μg/L 10
Sample collected: 2/25/2016 6/23/2016 11/14/2016 1/31/2017
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Table 8: The analysis of samples taken from Observation Well 2 .  Cells including an 
asterisk were below the MDL and cells in red exceed the MCL.   
 
  
Test Name Q1 Q2 Q3 Q4 Units MCL Action Level Secondary
Lead 3100 240 39 10 μg/L 15
Barium 0.03 0.06 0.02 0.01* mg/L 2
Boron 0.05* 0.05* 0.05* 0.05* mg/L
Calcium 330 370 420 400 mg/L
Copper 210 22 15 200 mg/L 1.3
Hardness 1600 1800 1800 1900 mg/L
Iron 310 54 24 27 mg/L 0.3
Magnesium 190 200 190 230 mg/L
Manganese 36 18 17 39 mg/L 0.05
Potassium 2.5* 5.8 5 2.5* mg/L
Silica 240 93 79 180 mg/L
Silicon 110 37 84 mg/L
Sodium 21 84 88 31 mg/L
Zinc 19 8.4 8.1 16 mg/L 5
Chloride 15 11 11 12 mg/L 250
Fluoride 5.7 3.9 2.9 5.1 mg/L 4
TDS 7100 3200 2900 7100 mg/L 500
Nitrate + Nitrite 2.6 0.25* 2.6 mg/L 10
Alkalinity as CaCO3 10* 10* 10* mg/L
Bicarbonate 12.5* 12.5* 12.5* mg/L
Carbonate 6* 6* 6* mg/L
Conductivity 4700 3200 5100 umhos/cm
Hydroxide 3.5* 3.5* 3.5* mg/L
pH 3.49 4.07 3.64 2.89 6.5-8.5
Sulfate 5000 2400 2100 5100 mg/L 250
Arsenic 1200 260 69 100 μg/L 10
Sample collected: 2/11/2016 6/23/2016 11/14/2016 1/31/2017
60 
 
Table 9: The analysis of samples taken from Observation Well 3 .  Cells including an 
asterisk were below the MDL and cells in red exceed the MCL.   
 
  
Test Name Q1 Q2 Q3 Q4 Units MCL Action Level Secondary
Lead 790 1800 21 8 μg/L 15
Barium 0.08 0.27 0.02 0.03 mg/L 2
Boron 0.1 0.11 0.1 0.3 mg/L
Calcium 270 230 210 190 mg/L
Copper 0.01* 0.23 0.01* 0.01* mg/L 1.3
Hardness 1100 1000 860 820 mg/L
Iron 23 59 0.25 0.13 mg/L 0.3
Magnesium 110 110 81 85 mg/L
Manganese 1.9 1.8 0.03 0.01* mg/L 0.05
Potassium 2.5* 7.6 2.5* 6 mg/L
Silica 88 130 60 64 mg/L
Silicon 41 28 30 mg/L
Sodium 84 84 76 110 mg/L
Zinc 0.08 0.41 0.025* 0.025* mg/L 5
Chloride 18 19 19 34 mg/L 250
Fluoride 0.2 0.5* 0.1 0.05* mg/L 4
TDS 1700 1500 1500 mg/L 500
Nitrate + Nitrite 0.25* 0.25* 2.7 mg/L 10
Alkalinity as CaCO3 95 86 91 170 mg/L
Bicarbonate 120 86 110 200 mg/L
Carbonate 6* 0.5* 6* 6* mg/L
Conductivity 1900 1700 1700 umhos/cm
Hydroxide 3.5* 0.5* 3.5* 3.5* mg/L
pH 7.38 7.12 7.07 7.64 6.5-8.5
Sulfate 1100 940 930 760 mg/L 250
Arsenic 100 130 25 60 μg/L 10
Sample collected: 2/5/2016 6/23/2016 11/14/2016 1/31/2017
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Table 10: The analysis of samples taken from Observation Well 4 .  Cells including an 
asterisk were below the MDL and cells in red exceed the MCL.   
 
Test Name Q1 Q2 Q3 Q4 Units MCL Action Level Secondary
Lead 79 19 21 1* μg/L 15
Barium 0.17 0.068 0.07 0.03 mg/L 2
Boron 0.05* 0.05* 0.05* 0.1 mg/L
Calcium 190 170 180 200 mg/L
Copper 0.04 0.025* 0.01* 0.01* mg/L 1.3
Hardness 830 790 770 840 mg/L
Iron 13 4.6 3.5 0.025* mg/L 0.3
Magnesium 87 88 77 83 mg/L
Manganese 0.43 0.14 0.11 0.01* mg/L 0.05
Potassium 6 5.5 2.5* 2.5* mg/L
Silica 100 73 64 58 mg/L
Silicon 48 30 27 mg/L
Sodium 74 77 70 83 mg/L
Zinc 0.25 0.096 0.09 0.025* mg/L 5
Chloride 18 16 16 17 mg/L 250
Fluoride 0.1 0.5* 0.05* 0.1 mg/L 4
TDS 1400 1400 1400 1300 mg/L 500
Nitrate + Nitrite 0.25* 0.25* 0.5 mg/L 10
Alkalinity as CaCO3 38 34 38 35 mg/L
Bicarbonate 46 34 46 42 mg/L
Carbonate 6* 0.5* 6* 6* mg/L
Conductivity 1700 1600 1600 umhos/cm
Hydroxide 3.5* 0.5* 3.5* 3.5* mg/L
pH 7 6.85 6.83 6.84 6.5-8.5
Sulfate 970 810 890 890 mg/L 250
Arsenic 12 5.3 2.5* 1.5* μg/L 10
Sample collected: 2/11/2016 6/23/2016 11/14/2016 1/30/2017
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Table 11:  The Jones-Kincaid adit eff luent sample results are summarized for all four 
sampling events.   Cells including an asterisk were below the MDL.    
 
  
Test Name Q1 Q2 Q3 Q4 Units MCL Action Level Secondary
Lead 13 10 13 10 μg/L 15
Barium 0.01* 0.005* 0.01* 0.01* mg/L 2
Boron 0.05* 0.05* 0.05* 0.05* mg/L
Calcium 270 240 260 250 mg/L
Copper 160 140 140 250 mg/L 1.3
Hardness 1000 1000 970 mg/L
Iron 60 56 80 48 mg/L 0.3
Magnesium 86 97 90 83 mg/L
Manganese 8.9 7.9 8.9 6.9 mg/L 0.05
Potassium 7 6.6 6 6 mg/L
Silica 30 31 28 30 mg/L
Silicon 14 13 14 mg/L
Sodium 73 72 67 68 mg/L
Zinc 11 11 12 8.7 mg/L 5
Chloride 15 13 14 15 mg/L 250
Fluoride 0.7 0.5* 0.5 0.4 mg/L 4
TDS 2700 2500 2800 2100 mg/L 500
Nitrate + Nitrite 0.25* 0.25* 0.25* mg/L 10
Alkalinity as CaCO3 10* 10* 10* mg/L
Bicarbonate 12.5* 12.5* 12.5* mg/L
Carbonate 6* 6* 6* mg/L
Conductivity 30000 3200 2600 umhos/cm
Hydroxide 3.5* 3.5* 3.5* mg/L
pH 2.84 2.83 2.79 2.95 6.5-8.5
Sulfate 2100 2400 2000 1500 mg/L 250
Arsenic 1.5* 2.5* 1.5* 1.5* μg/L 10
Sample collected: 2/5/2016 6/23/2016 11/14/2016 1/30/2017
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Table 12:  Selected sample results from the Crown Prince adit eff luent sample is shown.  
This sample was only analyzed in February of 2016.   Cells including an asterisk were 
below the MDL and cells in red exceed the MCL.   
 
  
Test Name Q1 Units MCL Action Level Secondary
Lead 2 μg/L 15
Barium 0.01* mg/L 2
Boron 0.05* mg/L
Calcium 220 mg/L
Copper 220 mg/L 1.3
Hardness 1100 mg/L
Iron 920 mg/L 0.3
Magnesium 130 mg/L





Zinc 14 mg/L 5
Chloride 10 mg/L 250
Fluoride 3 mg/L 4
TDS 8200 mg/L 500
Nitrate + Nitrite 0.8 mg/L 10






Sulfate 5600 mg/L 250




Table 13:  Two samples from Perry Creek were collected and analyzed during January 
2017.  Cells including an asterisk were below the MDL.  
 
  
Test Name STRW2 SWW3 Units MCL Action Level Secondary
Lead 2 3 μg/L 15
Barium 0.05 0.04 mg/L 2
Boron 0.05* 0.05* mg/L
Calcium 13 24 mg/L
Copper 0.01* 1.1 mg/L 1.3
Hardness 57 110 mg/L
Iron 2.1 1.7 mg/L 0.3
Magnesium 6 11 mg/L
Manganese 0.02 0.4 mg/L 0.05
Potassium 2.5* 2.5* mg/L
Silica 56 60 mg/L
Silicon 26 28 mg/L
Sodium 17 24 mg/L
Zinc 0.025* 0.23 mg/L 5
Chloride 6 8 mg/L 250
Fluoride 0.1 0.2 mg/L 4
TDS 210 310 mg/L 500
Nitrate + Nitrite 0.25* 0.25* mg/L 10
Alkalinity as CaCO3 28 24 mg/L
Bicarbonate 35 29 mg/L
Carbonate 6* 6* mg/L
Conductivity 180 350 umhos/cm
Hydroxide 3.5* 3.5* mg/L
pH 7.7 7.51 6.5-8.5
Sulfate 41 120 mg/L 250
Arsenic 3 5 μg/L 10
Sample collected: 1/31/2017 1/31/2017
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Table 14:  Soil samples were collected in June 2016 and April 2017 from streambed 
sediments, waste rock covers, and exposed waste rock.  The results from the sample 
analysis are shown in the tables below.  Only some samples were analyzed for pH 
during the Quarter 2 samples and no pH testing was done on the Quarter 4 samples.  
The sampling locations were consistent in both sampling events with the addition of 
two samples, New Exposed Hill and JK Waste Rock, for April 2017.  These samples 
were exposed during a large precipitation event and provide information regarding 
newly exposed material and the chemical composition of the waste rock.    
 
 
HWY Well 4 Soil FLUME-1 UASTR Well 2 Soil Upper Adit Well 1 Soil Units RL
Arsenic 7.4 53 16 130 42 5400 24 mg/kg 2.5
Lead 12 29 9.5 58 33 35 21 mg/kg 0.99
Mercury 0.04 1.8 0.35 0.02* 0.02* 0.09 0.02* mg/kg 0.04
pH 4.13 6.33 2.46 6.64
Sample collected: 6/23/16 6/23/16 6/23/16 6/23/16 6/23/16 6/23/16 6/23/16
Quarter 2
Hwy Well 4 Soil FLUME JK Waste Rock New Exposed Hill Upper Adit UASTR Well 2 Soil Well 1 Soil Units RL
Arsenic 27 31 24 610 14 3300 18 9.8 9.8 mg/kg 2.5
Lead 18 24 19 180 14 55 19 11 8 mg/kg 0.99
Sample collected: 4/4/2017 4/4/2017 4/4/2017 4/4/2017 4/4/2017 4/4/2017 4/4/2017 4/4/2017 4/4/2017
Quarter 4
